To study the formation potential of trihalomethanes (THMs) due to anthropogenic sources and effect of various precursors on potential of THM formation, surface treated water samples were collected from Ganga Barrage Water Treatment Plant, Kanpur Trihalomethane formation potential (THMFP) values in May and June were found to be three times higher than those in January. The concentration of THM species was found to increase with chlorine dosages. The higher the reaction time leads to higher chloroform concentrations which is very prominent for higher chlorine dosages. DCBM (dichlorobromomethane), BF (bromoform) and DBCM (dibromochloromethane) concentrations were nearly independent of the reaction time for more than 24 h for each considered chlorine dosage. With increase in chlorine dosages, the values of THMFP increased as the TOC (total organic carbon) increased except February.
Introduction
Often, surface water is reported to contain organic matter derived from both natural degradation of some organic substances within the ecological systems and from anthropogenic activities. The introduction of water chlorination as standard treatment technique caused a large drop in mortality from infectious diseases 1 and is considered as one of the major public health advances in the twentieth century. In 1976, the US National Cancer Institute 2 published results showing that chloroform, one of the trihalomethanes (THMs) that occurs as a by-product of drinking water disinfection, was an animal carcinogen 3 . Ever since there has been a concern that disinfection of water, while providing protection against microbial risks, could also pose chemically induced cancer risks for humans 4 . Chlorination leads to the formation of potentially harmful by-products (called disinfection by-products or DBPs). Chlorination DBPs are considered potentially carcinogenic 5 and have been associated with adverse reproductive outcomes following exposure during pregnancy 6, 7 . THMs are the most important group of DBPs. THMs include chloroform, dichlorobromomethane (DCBM), dibromochloromethane (DBCM) and bromoform (BF). Organic matter in natural water is considered as the dominant THM precursor in drinking water 8 .
RESEARCH ARTICLE
The total organic carbon (TOC) concentration of water is generally an indicator of the amount of THM precursor present 9.10 . In addition to natural organic matter (NOM), the sources of THM precursors may also be attributed to pollutant discharge such as domestic sewage, industrial effluent and agricultural drains [11] [12] [13] . Most of the organic pollutants interact with chlorine to produce DBPs during disinfection 14 . The major THM precursors appear to be aquatic humic substances 9, [15] [16] [17] . Properties of THM precursors are site-specific, as the organic matter isolated from various sources does not exhibit the same THM formation potential 18 . The character and properties of NOM differ considerably in waters of different origins and depend on the biochemical cycles of the surrounding environments 19 . More ever, the range of organic components of NOM may also vary in the same location seasonally 20, 21 . Marhaba et al. 22, 23 studied NOM and THMFP generally in water for drinking water facilities. In many developing countries, raw sewage discharge into the surface water without any treatment often causes serious drinking water quality problems 24 . Yoon et al. 25 investigated the characteristics of THMs formation in five major river water in Korea. Zhao et al. 26 collected water samples from Guangzhou section of the Pearl river to investigate soluble organic fractions and formation of THMs after chlorine and chlorine dioxide treatments. Xue et al. 27 studied THMFP and structural characteristics of DOM (dissolved organic matter) in the secondary effluent from the Wenchang Waste Water Treatment Plant (Harbin, China). Chen et al. 28 evaluated the impact of treated waste water discharge on downstream water quality in an effluent-dominated stream in the South-West USA. Studies conducted on mammals revealed that THMs induce neurotoxicity, hepatotoxicity, reproductive toxicity and nephrotoxicity 29 . In general, the brominated DBPs are both genotoxic and carcinogenic than are chlorinated compounds 30 . WHO 31 has regulated the health related guideline values (GV) for such compounds in drinking water (Table 1) . ' E, 142 m altitude from mean sea level) was once known as "Manchester of the East" is the industrial capital of the state of Uttar Pradesh (India) has been chosen as the study site for analysing THMs in drinking water as this is the region where fast urbanization and heavy population growth is going on and which is the hub of heavy industries. Its population is over four million and is situated on the bank of sacred Himalayan River Ganges which provides drinking water to the city. The river Ganga, which is lifeline to the north India, is exposed to the toxic drainage from industries, municipal sewage and agricultural drains. More ever, water supply in the stream has also reduced due to construction of hydroelectric projects and canals in the higher reaches. Condition becomes worse during summer. The surface treated water (water just before disinfection) samples were collected from Ganga Barrage Water Treatment Plant, Kanpur (India) from January to June 2009 to study the formation potentials of THMs due to anthropogenic sources and effect of various precursors on the potential of THM formation.
Experimental
All chemicals used were of the analytical reagent grade unless specified otherwise. High purity gas was used for various experimental purposes. De-ionized water obtained from a Milli-Q system (Millipore, USA) was used for all experimental purposes.
Glassware
Borosilicate glass (ASTM type-I, Wheaton Science, Millville, NJ, USA) vials of 40 mL equipped with screw caps having Teflon faced re-sealable septa were used. The 1 L capacity reagent bottles to preserve the chlorinated samples and 300 mL reagent bottles to quench the samples were also made of borosilicate glass. Micro syringes (Hamilton, USA) of 10 µL, 50 µL, 100 µL, 500 µL and 1000 µL were used during the experiments. Before use, glassware were acid washed, followed by rinsing with tap water, distilled water and then dried in an oven at 180 ºC.
Treated water samples and sampling schedule
Treated water (water just before disinfection) samples were collected from Ganga Barrage Water Treatment Plant, Kanpur (India) (capacity: 200 millions of litres per day) in sampling cans downstream of the rapid filtration unit in the first week of every month from January to June 2009 and carefully transported to the laboratory. Treated water samples were stored at 4 ºC.
All the experiments were completed with utmost precaution and Standard Methods 36 was referred to conduct experiments unless otherwise specified. In a typical experiment, treated water samples were chlorinated with 4 different chlorine doses each. The free chlorine residuals (FCR) and combined chlorine residuals (CCR) were measured for each sample and at each chlorine dose applied. THMs (4 compounds) concentrations were measured at 3 different contact times after chlorination. The formation potentials (FP) for the above compounds were measured 7 days after chlorination. UV absorbance@254 nm, bromide concentration and total organic carbon (TOC) were also measured for all water samples.
Preliminary experiments
Pure compounds (THMs and the internal standard) were diluted to required concentrations using MTBE. Five point calibration curves were prepared for GC for all the 4 THMs. All the curves were linear in nature. Extraction efficiencies for all the compounds were checked prior to the actual experiments and calibration curves were redrawn if recoveries were not found in the range of 90-110%. Standard calibration curves were also prepared for TOC analyzer and Ion chromatograph (IC) to analyze total organic carbon and bromide concentration of water samples.
Chlorine application
A stock solution of sodium hypochlorite (1000 mg/L) was prepared. As a preliminary exercise, treated water samples were chlorinated with different doses and the chlorine demand of the samples was determined using FAS/DPD titration method. Four dosages were finalized such that there was enough free chlorine residual after 30 min of chlorination. Four aliquots of treated water were taken in 1 L capacity reagent bottles. Hypochlorite solution was added to these bottles to achieve the required chlorine concentration. The bottle contents were mixed and stored at 20 ºC. Chlorine residuals (FCR, CCR) were measured after 30 min of chlorination using FAS/DPD titration.
Extraction of THMs
Samples were extracted in duplicate for THM determination. For a typical extraction, after specified contact time, a 50 mL aliquot was used. Sodium sulfite was added to the aliquot to quench the available free chlorine before extraction. EPA method 551.1 was adapted for extraction of THMs. Liquid-liquid extraction method has been used for the determination of THMs in aqueous samples.
Analytical techniques
Various water quality parameters such as bromide ion concentration, total organic carbon, UV 254 absorbance, pH and alkalinity were determined by standard procedures. Extracts of THMs were analyzed using Gas Chromatograph.
Water quality analysis
The concentration of dissolved organic carbon was detected with a TOC analyzer (Model: TOC-5000A, Shimadzu, Japan). The pH of water samples was measured using a combination pH electrode (Toshniwal CL-51, India) connected to a digital pH meter (Toshniwal CL-54, India). The alkalinity was deduced from inorganic carbon and pH values of the water samples. The concentration of bromide ion was measured by Ion Chromatograph (Model: 761 compact IC, Met Rohm, USA). UV absorbance at 254 nm (UV 254 ) was measured with a spectrophotometer (UV-VIS, Varian, USA).All chromatographic analyses were performed using a Gas Chromatograph equipped with an electron capture detector (Model: 910, Buck Scientific, USA).
Results and Discussion
Surface treated water samples were collected from the Ganga Barrage Water Treatment Plant, Kanpur (India) on a monthly basis for six months from January to June 2009. The various water quality parameters measured in each samples were: pH, TOC, UV 254 , alkalinity and bromide and are tabulated in Table 2 . The samples were chlorinated at various dosages and corresponding free chlorine residual (FCR) and combined chlorine residual (CCR) values were measured. Further, concentrations of various THM species in the said water samples were determined at different times corresponding to each chlorine dose. (Figure 1c ). All the values were below the WHO GV. The total THMs levels were above the WHO GV of ≤1 except the samples of January and March. 
Seasonal variations in THMFP
THMFP values in May and June were found to be three times higher than those in Jan 32 ( Figure 2 ). There was abrupt rise in the values of THMFP in the month of Feb. This might be because of the rapid decay of vegetation (a source of NOM in water) during spring 33 . Among individual THM species, the chloroform levels were found higher than DCBM, DBCM and bromoform in all the seasons (Figure 1a,b,c) . The seasonal variation of chloroform concentrations reported the levels lower than the WHO GV except in April at 6 mg/L and 7mg/L chlorine dosages. 
Relationship between reaction time and THMFP
Investigation was conducted to examine the relationship between the varying reaction time (t ═4, 8, 24,168 h; 168 h reaction time represents the formation potential) and varying chlorine dosages with the THM formation in the water samples. The studies revealed that the THM formation rate was very fast in the first 24 h compared to that of the exceeding reaction time (>24 h). The concentrations of THM species were found to increase with chlorine dosages. The higher the reaction time leads to the higher chloroform concentration which was very prominent for higher chlorine dosages. DCBM, BF and DBCM concentrations were nearly independent of the reaction time for more than 24 h for each considered chlorine dose. The values of THMFP showed rising pattern with increasing chlorine dosages. 
Temporal variations of THMFP

Effect of bromide concentration on THMFP
At different chlorine dosages (5 mg/L, 6 mg/L and 7 mg/L) in the months of February and April, only one Br-THM namely DCBM was formed while in the months of May and June, all the three Br-THMs were formed. This show that treatment of the raw water was not properly carried out in the treatment plant. Conventional biological sewage treatment process cannot remove the bromide ion. Bromide can be oxidized to bromine during chlorination. In competition between bromine and chlorine, the former may have the priority to react with NOM and thus result in a relatively high concentration 34 of CHBrCl 2. When bromide is present in raw water, even at trace levels, it can be oxidized to hypobromous acid (HOBr) by hypochlorous acid (HOCl). HOBr is believed to be a more powerful halogenating agent than HOCl, although HOCl is a stronger oxidizing agent 35 .The reaction incorporating bromine into NOM could take place at a higher degree and a faster rate than the incorporating chlorine 36 . Therefore, the presence of Br -in raw water could significantly increase its THMFP. In the months of April, May and June higher values of THMFP might be due to the incorporation of bromine into organic matter and reduction of TOC in the treated water.
Effect of chlorine dosages on THMFP
On investigating the samples, it was observed that as the chlorine dosages enhanced, the values of the THMFP also increased (Figure 1 ) with the exception of February which showed the abrupt rise.
Effect of Total organic carbon (TOC) on THMFP
It was observed that with the increase in the chlorine doses, the values of THMFP increased as the TOC increased with the exception of February (Figure 3) . Reduction of TOC cause a higher Br -/TOC ratio and lead to high Br-THM and total concentration. This might be the reason for abrupt elevation of THMFP value in the month of February 2009. 
Conclusion
In the surface treated water samples at 6 mg/L chlorine dosage, in Jan. only chloroform (CF), in Feb. CF and DCBM, in Mar. only CF, in April CF and DCBM, in May and June all the THMs were identified. All the values were below the WHO GV. The total THMs levels of Jan., Feb and March samples were below and April, May, and June samples were above the WHO GV≤1. At 6 mg/L chlorine dose, in Jan. CF, in Feb. CF and DCBM, in March CF, in April CF and DCBM, in May and June all the THMs were identified. All the values were below the WHO GV. The total THMs levels were above the WHO GV≤1 except Jan. and March. At 7 mg/L chlorine dosage, in Jan and March CF, in Feb and April CF and DCBM, in May and June all the THMs were identified. All the values were below the WHO GV. The total THMs levels were above the WHO GV≤1 except Jan. and March.
THMFP values in May and June were found to be three times higher than those in Jan. Among individual THM species, the chloroform levels were found higher than DCBM, DBCM and BF in all the seasons. The seasonal variation of chloroform concentrations reported the levels lower than the WHO GV except in April at 6&7 mg/L chlorine dosages. THM formation rate was found to be very fast in first 24 h compared to that of exceeding reaction time (>24 h). The higher the reaction time lead to the higher THM concentrations which were very prominent at higher chlorine dosages. DCBM, BF and DBCM concentrations were nearly independent of reaction time for more than 24 h for each considered chlorine dosages. The values of THMFP showed increasing pattern with increasing dosages.
The values of THMFP showed the ascending trend from Jan. to June with the exception of Feb. proving that increased temperature enhances the THMFP concentrations. The concentrations of chloroform in May and June were found to be two times higher than those in Jan. In April, May, and June, higher values of THMFP might be due to the incorporation of bromine into organic matter and reduction of TOC in the treated water. With the increase in the chlorine dosage, the values of THMFP increased as the TOC increased from Jan. to June with the exception of Feb.
